Sympathetic nerves can regenerate after injury to reinnervate target tissues. Sympathetic regeneration is well documented after chronic cardiac ischemia, so we were surprised that the cardiac infarct remained denervated following ischemia-reperfusion (I-R). We used mice to ask if the lack of sympathetic regeneration into the scar was due to blockade by inhibitory extracellular matrix within the infarct. We found that chondroitin sulfate proteoglycans (CSPGs) were present in the infarct after I-R, but not after chronic ischemia, and that CSPGs caused inhibition of sympathetic axon outgrowth in vitro. Ventricle explants after I-R and chronic ischemia stimulated sympathetic axon outgrowth that was blocked by nerve growth factor antibodies. However, growth in I-R cocultures was asymmetrical, with axons growing toward the heart tissue consistently shorter than axons growing in other directions. Growth toward I-R explants was rescued by adding chondroitinase ABC to the cocultures, suggesting that I-R infarct-derived CSPGs prevented axon extension. Sympathetic ganglia lacking protein tyrosine phosphatase sigma (PTPRS) were not inhibited by CSPGs or I-R explants in vitro, suggesting PTPRS is the major CSPG receptor in sympathetic neurons. To test directly if infarct-derived CSPGs prevented cardiac reinnervation, we performed I-R in ptprsϪ/Ϫ and ptprsϩ/Ϫ mice. Cardiac infarcts in ptprsϪ/Ϫ mice were hyperinnervated, while infarcts in ptprsϩ/Ϫ littermates were denervated, confirming that CSPGs prevent sympathetic reinnervation of the cardiac scar after I-R. This is the first example of CSPGs preventing sympathetic reinnervation of an autonomic target following injury, and may have important consequences for cardiac function and arrhythmia susceptibility after myocardial infarction.
Introduction
Nerve regeneration is often minimal in the CNS, but peripheral nerves can regenerate back to their targets. For example, postganglionic sympathetic nerves reinnervate denervated tissues including the iris (Olson and Malmfors, 1970; Lorez et al., 1975) , mesenteric arteries (Aguayo et al., 1973; Hill et al., 1985) , pineal gland (Bowers et al., 1984) , and skin (Gloster and Diamond, 1992) . In addition to regeneration following injury, sympathetic nerves innervating the uterus undergo degeneration and regeneration during each estrous cycle (Zoubina and Smith, 2000) . The presence of nerve growth factor (NGF) in the target tissue is important for promoting innervation of tissue during development (Glebova and Ginty, 2004 ) and reinnervation of a tissue after denervation (Aloe et al., 1985; Gloster and Diamond, 1995; Vo and Tomlinson, 1999) .
One of the best characterized targets of the sympathetic nervous system, and sympathetic axon regeneration, is the heart. Release of norepinephrine (NE) from sympathetic nerves stimulates heart rate, conduction velocity, and ventricular contractility. Regeneration of sympathetic nerves in the heart has been well characterized in animal models of chronic cardiac ischemia, where high levels of NGF in the infarcted myocardium lead to nerve sprouting and hyperinnervation (Vracko et al., 1990; Zhou et al., 2004; Hasan et al., 2006; El-Helou et al., 2008) . Postmortem analysis of human hearts following heart failure or cardiomyopathy also revealed sympathetic hyperinnervation (Cao et al., 2000) . The cardiac sympathetic innervation has been examined in vivo by monitoring uptake of the labeled NE transporter substrates C-11 hydroxyephedrine or iodine-123 meta-iodobenzylguanidine (123I-MIBG). These studies reveal denervation after ischemiareperfusion (I-R; Stanton et al., 1989) that is followed by reinnervation of peri-infarct myocardium (Hartikainen et al., 1996) , and document significant reinnervation in transplanted hearts (Bengel et al., 1999; Estorch et al., 1999) . Imaging studies showing reinnervation of transplanted hearts is complemented by functional responses to exercise (Wilson et al., 2000) and functional responses to drugs that cause NE release or block NE receptors (Bengel et al., 2004) . Finally, sympathetic reinnervation of transplants was confirmed postmortem by tyrosine hydroxylase (TH) staining (Kim et al., 2004) .
Since sympathetic nerve regeneration is well documented in the heart, we were surprised to discover that the cardiac infarct was not reinnervated following I-R injury . This was particularly unexpected given infarct reinnervation observed after chronic cardiac ischemia (Vracko et al., 1990; Hasan et al., 2006; El-Helou et al., 2008) , and evidence of elevated NGF in the scar after I-R (Hiltunen et al., 2001; Zhou et al., 2004) . Cardiac I-R triggers an inflammatory response that initiates fibroblast migration and proliferation (Porter and Turner, 2009 ). Activation of fibroblasts results in production of a collagen-based infarct, or scar, which contains hyaluronic acid (HA) and other extracellular matrix components (Dobaczewski et al., 2006) that are present in glial scars after CNS injury . Here we investigate the possibility that the lack of sympathetic regeneration into the infarct after cardiac I-R is due to blockade of axon growth by inhibitory components of extracellular matrix within the cardiac scar.
Materials and Methods
Animals. C57BL/6J mice were obtained from The Jackson Laboratory West, and were used for all experiments except those using ptprs transgenic mice. ptprsϩ/Ϫ transgenic mice (BALBC background) were supplied by Michel Tremblay at McGill University (Elchebly et al., 1999) , and were bred as heterozygotes. ptprsϩ/ϩ and ptprsϩ/Ϫ littermates were used as "wild-type" controls for ptprsϪ/Ϫ studies. All mice were kept on a 12 h light/dark cycle with ad libitum access to food and water. Age and gender-matched male and female mice 12-18 weeks old were used for surgeries, while ganglia from male and female neonatal mice were used for explants and dissociated cultures. All procedures were approved by the Oregon Health and Science University (OHSU) Institutional Animal Care and Use Committee and comply with the Guide for the Care and Use of Laboratory Animals published by the National Academies (8th edition).
Surgery, myocardial I-R. Anesthesia was induced with 4% isoflurane and maintained with 2% isoflurane. The left anterior descending coronary artery was reversibly ligated for 30 min and then reperfused by release of the ligature. Occlusion was confirmed by sustained S-T wave elevation and regional cyanosis. Reperfusion was confirmed by the return of color to the ventricle distal to the ligation and reperfusion arrhythmia. Core body temperature was monitored by a rectal probe and maintained at 37°C, and a two-lead electrocardiogram was monitored.
Myocardial ischemia. Chronic ischemia was done in exactly the same manner as described above, but with permanent occlusion of the LAD using 8 -0 gauge suture.
Sham surgery. Sham animals underwent the procedure described above, except for the LAD ligature.
Dissociated primary cell culture with chondroitin sulfate proteoglycan and HA treatment. Cultures of sympathetic neurons were prepared from superior cervical ganglia (SCG) of newborn mice as described previously (Dziennis and Habecker, 2003) . Neurons were plated onto poly-L-lysine (PLL; 0.01%, Sigma-Aldrich) and collagen (10 g/ml; BD Biosciences)-coated plates, and grown in serum free C2 medium (Lein et al., 1995; Pellegrino et al., 2011) supplemented with 50 ng/ml NGF (BD Biosciences), 100 U/ml penicillin G, and 100 g/ml streptomycin sulfate (Invitrogen). Cells were incubated at 37°C in a humidified 5% CO 2 incubator. Cells were maintained for 48 h in the presence of the antimitotic agent cytosine arabinoside (1 M) to reduce the number of nonneuronal cells. Chondroitin sulfate proteoglycan (CSPG) treatments were performed using soluble or fixed CSPGs (Millipore #CC117; mixture includes neurocan, phosphacan, versican, and aggrecan). HA treatments were performed similarly, using mixed molecular weight HA (MP Biomedicals) for soluble treatments. For fixed treatments, high molecular weight (HMW) HA (Lifecore Biomedical) was degraded using bovine testes hyaluronidase (Sigma) to produce low molecular weight (LMW) HA (Generously provided by Dr. Stephen Back, OHSU) (1) Soluble: neurons were grown in 48-well plates coated with PLL and collagen. Vehicle (media), CSPGs (10 ng/ml-20 g/ml), or HA (10 ng/ml-100 g/ml) were added to the cultures 24 h after plating, and 24 h after addition of CSPGs, HA, or vehicle, images were acquired for Sholl analysis. (2) Fixed: plates were coated with PLL/collagen, PLL/collagen/ CSPGs (100 ng/ml-1 g/ml), or PLL/collagen/HA (100 ng/ml-1 g/ml; LMW and HMW) before addition of neurons. Images were acquired for Sholl analysis 24 h after plating. For CSPG degradation experiments, chondroitinase ABC (ChABC, 4 U/ml; Seikagaku Biobusiness) was added to culture media at the time of plating.
Sholl analysis. To quantify neurite outgrowth in dissociated neurons, the Sholl method was used (Sholl, 1953) . A series of concentric circles were superimposed over the cell body using ImageJ, and neurite intersections with the circles were counted. The number of intersections provides an estimate of neurite length and/or increased branching.
Compartmentalized cultures. To generate microfluidic chambers providing separation of two media compartments (450 m apart), SYLGARD 184 silicone elastomer (Dow Corning) was poured into a precast mold, and heated at 50Ϫ60°C for 2 h. Cleaned chambers were placed in 10 cm culture dishes (Corning) precoated with 0.01% PLL. The axonal compartment was then coated with 10 g/ml collagen or collagen ϩ 1 g/ml CSPGs. SCGs were placed in reduced growth factor Matrigel (BD Bioscience) within the cell body compartment. C2 media supplemented with 10 ng/ml NGF was added to both compartments, and cultures were maintained at 37°C in a humidified 5% CO 2 incubator. After 24 h, or when axons were first visible in the axonal compartment, images were acquired (t ϭ 0). Additional images were obtained 3 h later (t ϭ 3), and a growth rate was calculated based on the distance extended during that 3 h period.
Heart/ganglia cocultures. Coculture experiments were performed in 24-well plates by plating pieces of infarcted left ventricle (LV) or corre- sponding sham tissue, collected 10 d after surgery, with neonatal SCGs. Tissues were plated in 30 l of reduced growth factor Matrigel, separated by ϳ1 mm, and placed at 37°C to solidify the Matrigel before addition of C2 media supplemented with 2 ng/ml NGF. Cocultures were incubated at 37°C in a humidified 5% CO 2 incubator for 48 h. Following 48 h in culture, images of the cultures were acquired using phase contrast microscopy (10ϫ) and axon length was analyzed using Nikon Elements. For ChABC experiments, tissue from a single heart was split between the vehicle and ChABC treatment groups to promote consistency. Cocultures were treated from the time of plating with ChABC (4 U/ml) diluted in culture media, or media alone. For cocultures examining the role of the CSPG receptor protein tyrosine phosphatase sigma (PTPRS), SCGs were dissected from an entire litter of neonatal mice containing the range of PTPRS genotypes ( ptprsϩ/ϩ, ptprsϩ/Ϫ, ptprsϪ/Ϫ). The two ganglia from an individual mouse were divided so that one SCG was cultured with a sham explant and one with an infarct explant. Following 48 h in culture, images were acquired using phase contrast microscopy (10ϫ) and axon length was analyzed using Nikon Elements. Genotyping was completed after image acquisition and analysis so that the experiment was blinded.
Coculture axon length analysis. Axon length was measured on three cardinal sides of each ganglion (0, 90, and 180°). Growth toward the myocardium was designated 0°, growth perpendicular was 90°, and growth away from the myocardium was 180°. To normalize for interwell variability of growth, a ratio of these measures was used (0/90 or 0/180). Values for the 0/90 or 0/180 ratio near 1 indicated growth was similar in all directions. In contrast, ratios significantly Ͻ1 reflected significantly shorter axons on the side of the ganglion projecting toward the heart explant.
Immunohistochemistry. Hearts were fixed for 1 h in 4% paraformaldehyde (PFA), rinsed in PBS, cryoprotected in 30% sucrose overnight, and frozen in mounting medium for sectioning. Transverse 10 m sections were cut on a cryostat and thaw mounted onto charged slides. To reduce fixative-induced autofluorescence, sections were rinsed in 10 mg/ml sodium borohydride 3 ϫ 10 min and then rinsed in PBS 3 ϫ 10 min. Sections were then blocked in 3% bovine serum albumin (BSA)/0.3% Triton X-100 in PBS for 1 h. Slides were then incubated with rabbit anti-TH (1:1000; Millipore Bioscience Research Reagents) and mouse anti-chondroitin sulfate (1:300; Sigma CS-56) or sheep anti-fibrinogen (1:500, AbD; Serotec) antibodies overnight at 4°C, rinsed 3 ϫ 10 min in PBS, and incubated 1.5 h with the Alexa Fluor 488-conjugated rabbit IgGspecific antibody (1:1000; Invitrogen) and Alexa Fluor 568-conjugated mouse IgG-specific antibody (1:500) or Alexa Fluor 568-conjugated sheep IgG-specific antibody (1: 1000). Due to nonspecific binding of Alexa Fluor 568-conjugated mouse IgG, anti-mouse IgG was added to the blocking solution to prevent nonspecific secondary binding. Sections were rinsed 3 ϫ 10 min in PBS, incubated for 30 min in CuSO 4 in 50 mM ammonium acetate to reduce background signal further, rinsed 3 ϫ 10 min in PBS, coverslipped in a 1:1 PBS: glycerol solution, and visualized by fluorescence microscopy.
Cocultures were fixed for 15 min in 4% PFA and rinsed in PBS 3 ϫ 10 min. The tissue was blocked in 3% BSA/0.3% Triton X-100 in PBS for 1 h, then incubated with rabbit anti-TH (1:1000) overnight at 4°C. Tissue was rinsed with PBS and incubated for 1.5 h with the Alexa Fluor 488-conjugated rabbit IgGspecific antibody (1:1000), rinsed again in PBS, and imaged using fluorescence microscopy.
Imaging and threshold analysis. TH staining was quantified to assess sympathetic innervation density. Images were taken of the infarct and peri-infarct zone of each section, and three sections obtained from a similar level of the base to apex axis were quantified in each heart using threshold discrimination analysis (ImageJ) (Lorentz et al., 2010) .
Statistics. Student's t test was used for comparisons of just two samples. Data with more than two groups were analyzed by one-way ANOVA using the Tukey post hoc test to compare all conditions. For experiments comparing different surgical groups and a second variable (ϮNGF antibody, PTPRS genotype) two-way ANOVA was performed using the Bonferroni post hoc test. All statistical analyses were performed using Prism 5.0. Infarcted heart explants stimulate axon outgrowth. A, Left, An illustration of the coculture method showing three cardinal directions around the ganglion where axon length was quantified (0, 90, and 180°). Right, Photo of a ganglion cocultured with I-R heart explant. Scale bar, 200 m. B, SCGs were cocultured with heart tissue from sham, I-R infarcts, or chronic ischemia infarcts, treated with vehicle or a function blocking anti-NGF antibody, and axon length was quantified. Triplicate cocultures were assayed for each condition. Data are mean Ϯ SEM; without anti-NGF, *p Ͻ 0.05 and **p Ͻ 0.01 versus sham; with anti-NGF, *p Ͻ 0.05, and **p Ͻ 0.01 versus vehicle, not significant (n.s.) versus sham. C, Directional axon length for the vehicle-treated cocultures quantified in B. Axon length at 0, 90, and 180°is graphed separately rather than pooled together (triplicate cocultures, 6 measurements/direction in each coculture, mean Ϯ SEM, **p Ͻ 0.01 vs 0°). For illustration purposes, the length measurements at 0, 90, and 180°were used to generate a diagram of axon growth in all directions. D, Ratio of growth toward the heart/growth away from the heart (0°length/90°length) averaged across three independent coculture experiments performed without NGF antibodies (mean Ϯ SEM; ***p Ͻ 0.001). A ratio of 1 is similar growth at 0 and 90°, a ratio Ͻ1 indicates shorter axons at 0°.
Results

Sympathetic denervation following I-R
We observed in previous studies that the infarct (scar) and area adjacent to the infarct remained denervated 7 d after I-R in the rat heart, while hyperinnervation was visible farther away from the developing scar . Subsequent studies have shown hyperinnervation within the infarct after chronic ischemia (Hasan et al., 2006) . To investigate further neural remodeling after I-R, we moved to the mouse heart where the cardiac infarct is fully formed and stable 10 d after I-R (Dobaczewski et al., 2006) . We examined sympathetic nerve density in the LV 10 d after I-R or sham surgery using TH immunohistochemistry. Sympathetic nerve fibers were detected throughout the LV of sham-operated animals, but no sympathetic fibers were observed within the infarct 10 d after I-R (Fig. 1 A, B) . A follow-up experiment revealed ongoing denervation of the infarct 20 d after I-R (Fig. 1D) . Sympathetic fiber density outside of the infarct was similar to the innervation density in sham animals 10 and 20 d after surgery (Fig. 1C,D) . Following 10 d of chronic ischemia (Fig. 1E) , however, sympathetic innervation density within the infarct was similar to the surrounding peri-infarct (Fig. 1F ) .
Cardiac ischemia increases cardiac NGF and enhances axon outgrowth
The lack of scar reinnervation 10 and 20 d after I-R in the mouse heart, while the rest of the heart had normal innervation, suggested that axon regeneration was blocked at the edge of the infarct. This presented a striking contrast to the reinnervation observed in the rat heart 10 d after chronic ischemia (Hasan et al., 2006) (Fig. 1 E, F ) . Coculture of ischemic heart tissue with a sympathetic ganglion leads to enhanced axon outgrowth that is blocked by an anti-NGF antibody (Hasan et al., 2006) . To determine whether this apparent discrepancy was due to differential effects of chronic ischemia versus I-R, we performed explant experiments with tissue from both types of injury. We cocultured mouse heart tissue taken 10 d after sham, chronic ischemia, or I-R surgery with neonatal sympathetic ganglia, with or without antibodies to NGF, and measured axon outgrowth after 48 h. Axon length was quantified in three cardinal directions around the ganglion ( Fig. 2A) to determine whether explanted myocardium released factors into the media that stimulated axon growth. Heart explants from both types of myocardial infarction, ischemia and I-R, enhanced axon outgrowth compared with sham explants (Fig.  2B) . The increase in axon growth was blocked by anti-NGF antibodies, but anti-NGF had no effect on axon length in sham cocultures (Fig. 2B) . Thus, NGF is released from the cardiac scar after both ischemia and I-R.
Although axon growth was enhanced overall in I-R explant cocultures, we noted that growth was more variable in those cocultures compared with sham and chronic ischemia explants. This was due to a consistent asymmetry in axon outgrowth in the I-R-ganglion cocultures, where axons growing directly toward the heart were consistently shorter than axons growing in other cardinal directions (Fig. 2C) . Figure 2C shows axon lengths from representative cocultures. In three independent experiments, symmetrical growth was observed in sham and chronic ischemia cocultures, while asymmetrical growth was observed in I-R cocultures, with significantly shorter axons growing directly toward Figure 3 . I-R stimulates CSPG production in the heart. Heart sections from Sham (A), I-R (B), and chronic ischemia (C) operated mice were stained 10 d after surgery for TH (green) to identify sympathetic nerve fibers, and for CSPGs using the CS-56 antibody (red). Scale bar, 100 m. Similar results were obtained in sections from four hearts in each surgical group.
Figure 4. CSPGs inhibit sympathetic axon outgrowth in vitro.
A, A representative image of a sympathetic neuron, overlaid with a series of concentric circles for Sholl analysis. Scale bar, 20 m. Dissociated sympathetic neurons were treated with soluble CSPGs (B), or plated onto dishes precoated with CSPGs (C), and neurite crosses were quantified by Sholl analysis. Data are the mean Ϯ SEM of at least 10 neurons/condition, **p Ͻ 0.01; ***p Ͻ 0.001. Similar results were obtained in three independent experiments. D, Illustration of a microfluidic chamber with a ganglion explant on one side and axons growing through grooves into a second chamber that was coated with collagen or CSPGs. E, Representative micrographs of axons growing at t ϭ 0 and t ϭ 3 h on collagen or CSPGs (1 g/ml). White arrowheads indicate the leading edge of the axon in the t ϭ 0 image, while black arrowheads indicate the final point of the axon at t ϭ 3 h. Scale bar, 20 m. Note bundling of the axons growing on CSPGs. F, Quantification of axon growth in microfluidic chambers where the distal compartment was coated with collagen, collagen/CSPGs, or collagen/CSPGs ϩ ChABC. Data are mean Ϯ SEM for at least eight axons per condition, **p Ͻ 0.01, and similar results were obtained in three independent experiments. heart explants (Fig. 2D) . Our anti-NGF data suggested that NGF was elevated in I-R cocultures, so the consistently shorter axons projecting toward the heart led us to ask whether I-R infarcts might be producing an inhibitory extracellular matrix that formed a barrier to axon extension.
CSPGs are present in the heart following I-R Nerve regeneration in the CNS is commonly prevented by inhibitory extracellular matrix that includes HA (Tona and Bignami, 1993) and CSPGs (McKeon et al., 1999; Asher et al., 2001; Jones et al., 2002) . HA is present in the developing mouse infarct after I-R and is highest at the border zone of the mature scar (Dobaczewski et al., 2006 ), but it is not known if CSPGs are present in the heart after I-R. We ask whether CSPGs were present within the I-R infarct by carrying out immunohistochemistry with the pan-CSPG antibody CS-56 (Avnur and Geiger, 1984) . This antibody binds to chondroitin sulfate (CS) rather than a specific core protein. CS-56 staining was absent in sham hearts (Fig. 3A) and localized to the infarct after I-R (Fig. 3B) . Interestingly, CSPGs were undetectable in the chronic ischemia infarct (Fig. 3C ). This suggests that CSPGs and HA are present after I-R and are candidates for inhibiting axon growth into the infarct.
CSPGs inhibit sympathetic axon outgrowth in vitro, but HA does not CSPGs (McKeon et al., 1991; Davies et al., 1997) and HA (Tona and Bignami, 1993) inhibit axon regeneration in the CNS, but they have not been examined in sympathetic nerve regeneration. To examine sympathetic axon responses to CSPGs, dissociated sympathetic neurons were grown in serum free medium to limit formation of dendrites (Lein et al., 1995) , and treated for 24 h with increasing concentrations of CSPGs diluted in media. Neurites were analyzed using the Sholl method. Soluble CSPGs inhibited process outgrowth in a dose-dependent manner (Fig. 4B) . Similar results were obtained when neurons were grown on plates precoated with increasing concentrations of CSPGs (Fig. 4C) . CSPG-induced inhibition of axon outgrowth was prevented by treatment of CSPGs with ChABC (data not shown). While these experiments indicated that CSPGs inhibited axon outgrowth when in contact with the entire neuron, they do not reveal whether local contact of the growing axon with CSPGs would block extension. To determine whether CSPG interaction with axons blunted outgrowth, compartmentalized microfluidic chambers were used, and only the axonal compartment was coated with CSPGs. When axons encountered CSPGs, growth slowed significantly, and axon bundles formed that were absent in the control cultures (Fig. 4E) . Axon growth was restored by degradation of CSPGs by ChABC, indicating that sympathetic axon outgrowth was inhibited by CSPGs in the axonal compartment (Fig. 4F ) . In contrast to the strong inhibition of axon outgrowth by CSPGs, soluble HA had no effect on sympathetic axon outgrowth (Fig. 5A ). This was also true when both HMW and LMW forms of HA were precoated onto plates (Fig. 5B) .
Enzymatic degradation of infarct-derived CSPGs restores axon outgrowth
We observed CSPGs in infarcted myocardium after I-R, and found that CSPGs inhibited sympathetic axon outgrowth. To test if infarct-derived CSPGs prevented sympathetic axon extension, we performed coculture experiments with or without ChABC to degrade CSPGs. Sham or I-R myocardium was split into two pieces and cocultured with a sympathetic ganglion in the presence of vehicle or ChABC. In vehicle-treated I-R cocultures, axons growing directly toward the heart were shorter than axons growing in other directions (Fig. 6A) . However, in the ChABCtreated I-R cocultures, axons growing toward the heart were not significantly shorter than axons growing in other directions (Fig.  6B ). This suggests that I-R explants secreted inhibitory CSPGs into the surrounding Matrigel and these CSPGs were degraded by ChABC. Treatment with ChABC had no effect on axon growth in sham cocultures (data not shown). These data can be expressed as a ratio of growth toward the heart/growth away from the heart (0°/90°) to control for different amounts of total growth in each individual coculture, and data combined across multiple cocultures (Fig. 6C) . ChABC consistently increased axon growth toward I-R explants, providing strong evidence that CSPGs produced by infarcted myocardium after I-R inhibit sympathetic regeneration into the infarct.
Absence of PTPRS restores axon outgrowth
Enzymatic degradation of CSPGs proved sufficient to overcome infarct-induced inhibition of sympathetic axon outgrowth in vitro. To further test the role of infarct-derived CSPGs, we used mice that lack the CSPG receptor PTPRS (Elchebly et al., 1999; Shen et al., 2009) . First, we confirmed that CSPGs did not inhibit sympathetic outgrowth in neurons lacking PTPRS. Sympathetic ganglia from ptprsϩ/Ϫ and ptprsϪ/Ϫ mice were treated with or without (1 g/ml) CSPGs, and the growth rate was quantified. ptprsϩ/Ϫ axon growth was inhibited by CSPGs, but ptprsϪ/Ϫ axons were not affected (Fig. 7A) . Sympathetic ganglia from ptprsϩ/Ϫ and ptprs Ϫ/Ϫ mice were then cultured with sham or I-R . Enzymatic degradation of infarct-derived CSPGs restores axon outgrowth. SCGs were cocultured with heart tissue after sham or I-R surgery, and treated with either vehicle (A) or ChABC (B). Tissue from a single heart was split between the vehicle and ChABC groups. Axon length was quantified at 0, 90, and 180°(6 measurements/direction) and triplicate cocultures were averaged (mean Ϯ SEM, *p Ͻ 0.05 vs 90 and 180°). C, Axon length normalized as the ratio of growth toward the heart/growth away from the heart (0°length/90°length) averaged from three independent experiments, each assayed in triplicate (mean Ϯ SEM; ***p Ͻ 0.001).
explants to determine whether the lack of ptprs would allow axon growth through the CSPGs release by I-R explants. Figure 7B shows an example of tissue from a single heart cocultured with ptprsϪ/Ϫ and ptprsϩ/Ϫ ganglia. Infarcted myocardium inhibited the growth of ptprsϩ/ϩ and ptprsϩ/Ϫ axons but did not inhibit growth of ptprsϪ/Ϫ axons (Fig. 7C) . Similar results were obtained in three independent experiments, averaged in Figure  7D . Together, these in vitro experiments strongly support the idea that CSPGs are the primary agents responsible for inhibiting sympathetic axon regeneration in the heart after I-R, and that PTPRS is the major receptor for CSPGs in these neurons.
To test the role of CSPGs in vivo, ptprsϪ/Ϫ and ptprsϩ/Ϫ mice underwent I-R or sham procedures. Ten days after surgery, heart sections were double labeled for TH to identify sympathetic neurons and fibrinogen to identify the infarct. Sham animals showed no significant fibrinogen staining, and TH-positive sympathetic fibers were evenly distributed in the sham LVs of both genotypes (Fig. 8 A, C) . Likewise, TH-positive fiber densities outside the infarct were similar in both genotypes 10 d after I-R (Fig.  8E) . However, the infarct was devoid of sympathetic innervation in ptprsϩ/Ϫ mice, while ptprsϪ/Ϫ hearts exhibited significant hyperinnervation within the infarct (Fig. 8 B, D) . The hyperinnervation is consistent with coculture experiments indicating high levels of NGF in the scar, and confirms that CSPGs prevent reinnervation of the infarct after cardiac I-R.
Discussion
Sympathetic neurons typically regenerate after injury, in contrast to central neurons whose regeneration is often limited. Reinnervation of the heart after chronic ischemia (Vracko et al., 1990; Zhou et al., 2004; Hasan et al., 2006; El-Helou et al., 2008) or cardiac transplantation (Bengel et al., 1999 (Bengel et al., , 2001 (Bengel et al., , 2002 Estorch et al., 1999) fit this model of robust sympathetic regeneration. However, we found that a common injury affecting over a million Figure 7 . Loss of PTPRS restores axon outgrowth in vitro. A, Axon growth rate in ptprs ϩ/Ϫ and ptprs Ϫ/Ϫ SCG explants treated with 1 g/ml CSPGs. Data are mean Ϯ SEM; n ϭ 3, **p Ͻ 0.01, and are representative of three independent experiments. B, Micrographs of a ptprsϩ/Ϫ and ptprsϪ/Ϫ SCG cocultured with I-R infarct tissue from the same heart. The culture was fixed and stained for TH to highlight axons. Scale bar, 200 m. C, ptprsϩ/Ϫ and ptprsϪ/Ϫ SCG explants were cocultured with sham or I-R infarcted heart tissue. Axon length was quantified at 0, 90, and 180°(6 measurements/direction) and triplicate cocultures were averaged (mean Ϯ SEM, *p Ͻ 0.05 vs 90 and 180°). D, Axon length normalized as the ratio of growth toward the heart/growth away from the heart (0°length/90°length) averaged from three independent experiments, each assayed in triplicate. people each year in the United States (Roger et al., 2012) , cardiac I-R, generates a scar that is refractory to reinnervation. In this study, we found that regeneration into the cardiac scar is prevented by CSPGs, which also inhibit axon regeneration in the CNS (McKeon et al., 1991; Davies et al., 1997) . We further showed that CSPGs prevent scar reinnervation by acting through PTPRS on sympathetic neurons, and that the absence of PTPRS led to hyperinnervation of the scar in vivo. This is the first demonstration of injury-induced CSPGs preventing sympathetic reinnervation of a target innervated by the autonomic nervous system.
We investigated a role for CSPGs in cardiac remodeling after I-R, because the lack of scar reinnervation was reminiscent of the lack of axon regeneration in the CNS after injury. Neurons in the CNS are prevented from regenerating by inhibitory molecules of the extracellular matrix including CSPGs, Tenascin C (TnC), and HA (for review, see Properzi et al., 2003; Silver and Miller, 2004; Fitch and Silver, 2008; Sherman and Back, 2008) . These inhibitory matrix molecules are generated by reactive astrocytes and are key components of the "glial scar." CSPGs are particularly important for preventing axon regeneration in the CNS, and removal of CS chains from core proteins with the enzyme ChABC can restore axon regeneration in culture and in vivo (Lin et al., 2008; Massey et al., 2008; Nakamae et al., 2009; Tom et al., 2009; Lee et al., 2010) . Formation of a cardiac scar shares some similarities with formation of a glial scar. Cardiac I-R triggers a significant inflammatory response including production of cytokines and infiltration of neutrophils and monocytes, a process that initiates fibroblast proliferation and migration (Porter and Turner, 2009 ). Similar to astrocytes in CNS injury, activation of fibroblasts results in the production of extracellular matrix and maturation of a collagen-based scar that contains TnC (Tamaoki et al., 2005) and HA (Dobaczewski et al., 2006) . HA inhibits myelination of central axons , but at least some of its effects on axon outgrowth are due to interactions with CSPGs . Our data indicate that LMW and HMW HA had no effect on sympathetic axon outgrowth, and that CSPGs are the major source of axon inhibition. It is not yet clear if fibroblasts are the source of CSPGs in the I-R infarct, or why CSPGs are not present in the chronic ischemia infarct, which is also characterized by fibrosis (Pfeffer and Braunwald, 1990) , but future studies can address these issues.
The striking hyperinnervation observed in ptprsϪ/Ϫ hearts after I-R confirms the central role for CSPGs inhibiting regeneration, as well as the presence of high NGF in the scar. This hyperinnervation is interesting for several reasons. First, multiple receptors have now been identified for CSPGs (Shen et al., 2009; Fisher et al., 2011; Dickendesher et al., 2012) , and our data suggest that PTPRS is the major receptor in sympathetic neurons. Second, removal of CSPGs in the spinal cord is not sufficient to restore growth without also adding neurotrophins García-Alías et al., 2011) . Our data show that in the heart, simply removing inhibitory CSPG signaling results in hyperinnervation of the scar, making this an interesting model for testing CSPG-targeted therapeutics. Third, proNGF was recently identified as elevated in the heart after I-R, where it contributes to expansion of the infarct after reperfusion (Siao et al., 2012) . ProNGF, which is elevated in the mouse heart 1 and 3 d after I-R (Siao et al., 2012) , stimulates axon degeneration rather than outgrowth in adult sympathetic neurons in vivo (Al-Shawi et al., 2008) . Given that we performed the mouse I-R procedure identically in the proNGF study (Siao et al., 2012) and the current study, our data suggest that sometime between days 3 and 10 after injury, the balance shifts between proNGF and NGF so that NGF effects predominate and hyperinnervation occurs. Finally, high levels of NGF are sufficient to support sensory neuron growth over CSPGs in vitro (Zhou et al., 2006) , but our data indicate that NGF levels in vivo are not sufficiently high to stimulate sympathetic regeneration through CSPGs and into the cardiac scar.
The functional consequences of reinnervating the infarct are not yet understood. While reinnervation of the infarct and presumptive restoration of NE release following I-R will not enhance contractile function in the scar, it may stimulate contractility of myocytes surrounding the infarct, and thus increase cardiac output in ptprsϪ/Ϫ mice. It is likely, however, that reinnervation of the scar will have a greater impact on arrhythmia susceptibility than on contractile function or cardiac output. Heterogeneity of sympathetic transmission after MI, and subsequent electrical remodeling of cardiac myocytes, is a major contributor to the development of arrhythmias and sudden cardiac death in humans (Rubart and Zipes, 2005) . Early studies mapping sympathetic innervation in human hearts after I-R with 123I-MIBG imaging identified denervation (Stanton et al., 1989) followed by some reinnervation of peri-infarct myocardium (Hartikainen et al., 1996) . Two newer studies of 123I-MIBG imaging in postinfarct patients implanted with cardioverter defibrillators concluded that a larger area of sympathetic denervation soon after I-R is associated with a greater probability of ventricular arrhythmias (Boogers et al., 2010; Nishisato et al., 2010) . Recent detailed mapping studies in intact human hearts revealed sympathetic denervation of the normal myocardium directly adjacent to the scar, which is thought to contribute to arrhythmia generation (Vaseghi et al., 2012) . The denervation led to electrical remodeling, so that the activation recovery interval at the border zone differed from that of the scar and surrounding viable myocardium. Dispersion of activation recovery interval is indicative of electrical instability in the heart, and significantly increases the probability of arrhythmia (Kuo et al., 1983) . Given the secretion of CSPGs from infarct explants, the denervation at the border zone in human hearts may be due to the presence of inhibitory CSPGs. Thus, degrading CSPGs in vivo with ChABC might restore innervation to the border zone and decrease arrhythmia susceptibility.
In summary, this study provides the first example of CSPGs preventing sympathetic reinnervation of an autonomic target following injury, despite high levels of NGF in the infarct. We show that CSPGs act through PTPRS to block sympathetic axon outgrowth, and that the absence of PTPRS results in hyperinnervation of the infarct. This may have important consequences for cardiac function and arrhythmia susceptibility for people who suffer a myocardial infarction.
